Abstract Anthracyclines and taxanes are cytotoxic agents commonly used for treatment of breast cancer, including in adjuvant, neoadjuvant, and metastatic settings. Each drug class is associated with cumulative and potentially irreversible toxicity, including cardiomyopathy (anthracyclines) and neuropathy (taxanes). This may either limit the duration of therapy for advanced disease, or prevent retreatment for recurrence if previously used as component of adjuvant or neoadjuvant therapy. Several classes of cytotoxic agent have been evaluated in patients with anthracycline and taxane-pretreated metastatic breast cancer (MBC), including other antitubulins (vinorelbine, ixabepilone, eribulin), antimetabolites (capecitabine, gemcitabine), topoisomerase I inhibitors (irinotecan), platinum analogues (cisplatin, carboplatin), and liposomal doxorubicin preparations. No trials have shown an overall survival advantage for combination chemotherapy in this setting, indicating that single cytotoxic agents should usually be used, expect perhaps for patients with rapidly progressive disease and/or high tumor burden.
Introduction
Anthracyclines and taxanes are the two most active classes of cytotoxic agent for early and advanced stage breast cancer, and are thus commonly used as a component of either adjuvant or neoadjuvant therapy [1] , and/or for patients with metastatic breast cancer (MBC) [2] . Anthracyclines are not usually used for metastatic disease if previously used for adjuvant therapy, because of the potential for cumulative cardiac toxicity, although liposomal anthracyclines may be safely used for patients with a history of exposure to anthracyclines [3•] . Anthracyclines are also often not considered even if there has been no previous adjuvant exposure, because they are generally less effective than taxanes as first-line therapy [4, 5] and because there are often other alternatives for second-line therapy or beyond. The purpose of this review is to summarize available information about cytotoxic agents that have been evaluated specifically for patients with anthracycline and taxane-pretreated metastatic breast cancer (MBC), with a focus on pivotal phase II or III trials which contributed to drug approval or provided important information for use of commonly used cytotoxic agents in this setting.
has been shown to improve survival compared with chemotherapy alone [6••] . For patients with hormone receptorpositive disease, however, concurrent use of chemotherapy plus endocrine therapy is not more effective than chemotherapy alone [7] . Virtually all patients with MBC will receive chemotherapy at some point during their course, expect perhaps the very elderly, frail, or infirm.
Although patients with distant metastatic disease are usually regarded as incurable, systemic cytotoxic therapy improves survival, delays progression of the disease, and may result in symptom palliation [8] [9] [10] Moreover, up to 10 % of patients with MBC may survive beyond 10 years or longer, particularly if there has been an objective response to cytotoxic therapy [11] . Of the hundreds of phase III trials in MBC that have been performed over the past three decades, survival in the experimental group was significantly improved for a handful only [6••, 12, 13••, 14] . Despite difficulty in demonstrating improved survival in individual trials, population-based studies suggest that patients with MBC are now surviving modestly longer than in the past [15] [16] [17] . The improvement observed in population-based studies may be because of the increased availability of drugs which when used individually have no or minimal effect in prolonging life, but when used sequentially can result in modest increases in survival. Other studies, however, suggest that improved survival in recent years for patients who relapse after adjuvant chemotherapy may solely be for patients with short relapsefree interval, suggesting that this effect may be attributable to the availability of anti-HER2 directed therapy in recent years rather than the availability of new cytotoxic agents [18] .
Resistance to Cytotoxic Therapy
Although an objective response or a period of disease stabilization is observed for most patients after cytotoxic therapy for metastatic disease, resistance invariably develops. Although there is no accepted standardized definition of resistance, some very large phase III trials have provided very specific definitions used to select patients for inclusion in the trials [19, 20••] . Resistance is not synonymous with pretreatment. For the purpose of this review, "pretreatment" is defined as previous exposure to an agent as a component of therapy in the adjuvant, neoadjuvant, or metastatic setting. "Resistance" is defined as disease progression during therapy for metastatic disease, or relapse 6-12 months after completing adjuvant therapy, a definition that has correlated with lower response and shorter time to disease progression when cytotoxic therapy is used for second-line treatment or beyond [21•] . For patients who relapse 12 months or more after completing adjuvant chemotherapy, the clinical benefit of retreatment with the same regimen is comparable with that observed when they are not pretreated [22, 23] .
Mechanisms of Drug Resistance
Several mechanisms of drug resistance have been identified, including P-glycoprotein mediated drug resistance (MDR-1 or MRP), which may affect sensitivity to multiple agents, or mechanisms associated with resistance to specific agents or drug classes, for example topoisomerase II gene amplification (anthracyclines) or alterations in glutathione levels (alkylating agents) or beta-tubulin isoform expression (antitubulins). Use of cytotoxic agents in combination is a strategy that has been used to overcome resistance to therapy [24] . Use of agents, for example P-glycoproteinmodifying agents, to reverse drug resistance have been ineffective [25] . There are no clinically validated assays that define drug-resistant tumors.
Approach for Patients with Anthracycline and Taxane-Pretreated Metastatic Breast Cancer
For these patients, five questions should be considered when formulating a treatment plan ( Fig. 1 163 patients with MBC and 2 or 3 previous chemotherapy regimens for MBC, objective response was 20 %, median response duration was 8.1 months, and median overall survival was 12.8 months. The most common grade 3 or 4 side effects included diarrhea (14 %) and hand-foot syndrome (10 %), and dose reductions for toxicity were common. Clinicians typically use lower doses (1000 mgm −2 PO BID) and different schedules (1 week on then 1 week off), which seem to improve tolerability without compromising efficacy [28, 29] . Although the drug is available as 500-mg and 150-mg tablets, most clinicians round the dose to the nearest 500 mg for greater patient convenience. Capecitabine monotherapy is also commonly used as first-line therapy for MBC because it does not cause alopecia or myelosuppression. Capecitabine has also been evaluated in combination with biological agents. In HER2/neu overexpressing disease, combination with the HER2 tyrosine kinase inhibitor lapatinib was shown to be more effective than capecitabine alone for patients with disease resistant to trastuzumab plus taxane therapy, and is an approved combination. In predominantly HER2 non-expressing disease, a phase III trial found that although addition of bevacizumab to capecitabine improved response (19.8 % vs. 9.1 %; P00.001) for patients with anthracycline and taxane-pretreated MBC, there was no improvement in progression-free survival (the primary study endpoint) or overall survival [30] .
Ixabepilone Alone or in Combination with Capecitabine
The epothilones, similar to the taxanes, bind to tubulin and stabilize microtubules but are active in taxane-resistant cell lines [31, 32] . Ixabepilone is a semisynthetic analogue of epothilone B, a natural product derived from the myxobacterium Sorangium cellulosum. It is approved as a single agent for patients with anthracycline, taxane, and capecitabineresistant disease, and in combination with capecitabine for patients with anthracycline and taxane-resistant disease. Patients were required to meet strict pretreatment and resistance definitions for inclusion in the trials. In addition, patients with grade 2 or higher neuropathy were not eligible.
The first trial that supported regulatory approval of ixabepilone evaluated it as monotherapy (40 mgm −2 IV over three hours every three weeks) for 126 women with anthracycline, taxane, and capecitabine-resistant disease [33] .
Resistance was defined as disease progression during therapy, or within eight weeks of the last dose, for metastatic disease, recurrence within six months of the last dose of adjuvant or neoadjuvant anthracyclines and/or taxanes therapy, or recurrence after previous trastuzumab (for the 7 % of patients who had HER2-overexpressing disease). The response, by central radiographic review, for 113 evaluable patients was 12.4 % (95 % confidence interval (CI) 6.9, 19.9 %); investigator-assessed response for 126 evaluable patients was 18.3 % (95 % CI 11.0, 26.1 %). The most common grade 3 or 4 treatment-related adverse events occurring in at least 10 % of patients included neutropenia (Table 2 ) [19, 20••] . Anthracycline and taxane resistance was defined as tumor progression during treatment or within four months of last dose in the metastatic setting, or recurrence within 12 months in the neoadjuvant or adjuvant setting. All patients were required to have measurable disease. Median progressionfree survival (PFS) based on central radiology review was significantly prolonged by the combination compared with capecitabine monotherapy (5.8 vs. 4.2 months, P<0.0001), the primary study endpoint. The combination was also associated with significantly improved response (35 % vs. 14 %; P<0.0001) but not overall survival (OS). Grade 3 or 4 adverse events, including neutropenia (68 % vs. 11 %), sensory neuropathy (21 % vs. 0 %), and fatigue (16 % vs. 4 %), occurring in at least 10 % of patients, were more common in the combination group. In addition, the incidence of toxic death was higher in the combination group (3 % vs. 1 %). All deaths within 30 days of last dose in the combination group were related to neutropenia, and the risk was greatest for those with baseline grade 2 or higher elevation in liver chemistry; 5 of 16 such patients (31 %) died, compared with 7 of 353 patients (2 %) with no or grade 1 liver dysfunction; this led to amendment of the study protocol excluding those with grade 2 or higher liver dysfunction at baseline. A second phase III study randomized 1221 patients with MBC to a combination of ixabepilone and capecitabine or capecitabine alone using the same doses, schedules, and dose modification criteria as in the previous trial (Table 2) [19, 20••]. In contrast with the previous trial, the primary endpoint was OS (rather than PFS). Patients with nonmeasurable or measurable disease (rather than measurable disease only) were eligible. In addition, although anthracycline and taxane pretreatment were also required, patients were not required to have resistant disease. The study was powered to detect a 20 % reduction in the hazard ratio for death, but failed to show a significant OS benefit in the primary unadjusted analysis (median 16.4 vs. 15.6 months; hazard ratio (HR) 0.9; 95 % CI 078-1.03; P00.12). Benefit from the combination was observed in the pre-specified analysis after adjustment for baseline covariates (HR00.85; 95 % CI: 0.75, 0.98; P00.023). Similar to the previous trial, significantly improved median PFS (6.2 vs. 4.2 months; HR 0.79; P00.0005) and objective response (43 % vs. 29 %, P00.0001) were observed in the combination group for patients with measurable disease. The toxicity patterns in this trial were similar to those in the previous phase III trial, although fewer patients (3 % vs. 7 %) treated with the combination died during therapy in this study. In addition, the number of treatment-associated deaths was similar in the two groups (0.7 % vs. 0.3 %); this was attributed to the exclusion from this trial of patients with hepatic dysfunction. Combined analysis of both trials indicated that patients with impaired performance status (Karnofsky performance status 70-80) derived greater clinical benefit from the combination and that excessive toxicity was not observed [34•] .
Eribulin
Eribulin mesylate is a non-taxane microtubule dynamic inhibitor. It is a structurally simplified synthetic derivative of halichondrin B, a natural product derived from the marine sponge Halichonria okidai. It has a novel mode of action, causing tubulin sequestration into nonfunctional aggregates. Overall frequencies of adverse events and serious adverse events were similar in the two groups. In the eribulin group, neutropenia was the most frequently reported grade 3 or 4 adverse event (45 %), but febrile neutropenia occurred in only 5 %, and hematologic toxicity resulted in discontinuation for fewer than 1 %. Peripheral neuropathy was the most common adverse event leading to discontinuation from eribulin (5 %).
For those who developed grade 3 or 4 sensory neuropathy but continued treatment because of clinical benefit, it improved to grade 2 or better in later cycles after delays and dose reductions. A recently completed phase III trial comparing eribulin with capecitabine failed to show prolongation of median PFS or OS, the primary trial endpoints [39] .
Gemcitabine
Gemcitabine is a pyrimidine nucleoside analogue that inhibits DNA polymerization and RNA synthesis [40] . There has been only one phase III trial evaluating gemcitabine for HR Hazard ratio (provided only when difference is statistically significant); PFS Progression-free survival; OS Overall survival patients with anthracycline and taxane-pretreated disease ( Table 2 ). The study included 252 women with locally recurrent or MBC pretreated with anthracyclines and taxanes; they were randomly assigned to vinorelbine (30 mg m −2 IV on days 1 and 8 every 3 weeks) alone or in combination with gemcitabine (1200 mgm −2 IV on days 1 and 8 every 3 weeks) [41] . Median PFS was significantly better for the combination (6.0 vs. 4.0 months; HR 0.66; 95 % CI 0.50-0.88; P00.003). Response for the combination group was numerically higher (36 % vs. 26 %, P00.093), but no difference in OS was observed (15.9 vs. 16.4 months).
There was more grade 3 or 4 neutropenia (61 % vs. 44 %) and febrile neutropenia (11 % vs. 6 %) for the combination group, but comparable non-hematologic toxicity.
Platinum Analogues Plus Gemcitabine
Cisplatin and carboplatin are platinum complexes that bind predominantly to the N-7 position of guanine and adenine and produce DNA interstrand cross links. Carboplatin has a similar mechanism of action, although a higher drug concentration and longer incubation time in vitro are required to produce a comparable effect. Both drugs undergo renal elimination. Compared with cisplatin, carboplatin causes less nausea and vomiting, nephrotoxicity, and neuropathy, but more thrombocytopenia and neutropenia [42] . Both drugs are effective for patients with MBC associated with germline BCRA mutations [43] . For unselected patients who mostly have sporadic breast cancer, the platinum agents are also active when used as first-line therapy, but are relatively ineffective when used as second-line therapy [44, 45] . Two randomized trials evaluating the poly(ADP ribose) polymerase (PARP) inhibitor iniparib provide some information about the efficacy of the carboplatin-gemcitabine combination for patients with anthracycline and taxane-pretreated metastatic triple-negative breast cancer (TNBC). The first was a randomized phase II trial including 116 patients receiving first or second-third line therapy which included carboplatin (AUC 2 IV) plus gemcitabine (1000 mgm −2 IVon days 1 and 8 every 3 weeks) alone or in combination with iniparib [46] . The iniparib group was associated with significantly higher response, median PFS, and overall survival, and thereby provided information about the effectiveness of the carboplatin-gemcitabine combination for this population. A confirmatory phase III trial failed to show a benefit of addition of iniparib to the same carboplatingemcitabine regimen for 519 patients with metastatic TNBC, most of whom were anthracycline and taxane-pretreated, and of whom 222 (43 %) received it as second or third-line therapy [47] . The trial failed to meet its co-primary endpoints of improving PFS (median 5.1 vs. 4.1 months) and OS (11.8 vs. 11.1 months); response was similar in the two groups (34 % vs. 30 %) ( Table 2 ). In addition, although the primary mechanism of action of iniparib was initially thought be inhibition of PARP, it was subsequently found to be a relatively weak PARP inhibitor, and induced its antitumor effects by inducing cell cycle arrest in the G2-M phase, promoting double strand DNA damage, and potentiating cell cycle arrest induced by carboplatin and gemcitabine [47] .
Irinotecan
Irinotecan and its active metabolite, SN-38, interact with cellular topoisomerase I-DNA complexes and has Sphase-specific cytotoxicity by preventing re-ligation of the DNA strand, resulting in double-strand DNA breakage and cell death [48] . A randomized phase II study of 103 patients with MBC who had progressive disease after one to three lines of chemotherapy compared irinotecan given IV in a three-weekly (240 mgm −2 IV every 3 weeks) or weekly (100 mgm −2 IV for 4 of 6 weeks) schedule. IV every 3 weeks) with physician's choice of therapy for patients with MBC who have previously been treated with an anthracycline, taxane, and capecitabine (ClinicalTrials.Gov identifier NCT0149210).
Pegylated Liposomal Doxorubicin
Liposomes are closed vesicular structures, initially described in the 1960s, that are capable of enveloping watersoluble molecules and may serve as a vehicle for more specific delivery of cytotoxic agents to tumors, thus limiting exposure of normal tissues [51] . Current liposome preparations are divided into two broad classes on the basis of their recognition by the mononuclear phagocyte system (MPS). One class of liposome is readily recognized and phagocytised by the MPS, because of binding of plasma proteins to the liposome surface; this induces uptake by macrophages in the liver, spleen, lungs, and bone marrow, minimizing exposure of normal tissues and thus diminishing some acute and chronic toxicity [52, 53] . A second class of agents includes liposomes that are designed to avoid detection by the MPS system. One example is pegylated liposomal doxorubicin (PLD), which circulates in the plasma for a relatively long period compared with conventional doxorubicin and non-pegylated liposomal formulations [54] . The rationale for their development and use in breast cancer has been extensively reviewed [55] .
Of three phase III trials evaluating PLD for MBC, two have included patients with anthracycline and/or taxanepretreated disease ( Table 2 ). The first study included 301 patients who had disease progression after a first or secondline taxane-containing regimen for metastatic disease. Patients were randomized to either PLD (50 mgm −2 every 4 weeks) or a comparator of physician's choice-vinorelbine (30 mgm −2 weekly) for 85 % of patients and mitomycin C (10 mgm −2 day 1 and every 4 weeks) plus vinblastine (5 mg m −2 day 1, day 14, day 28, and day 42) every 6 to 8 weeks for the remainder [56] . FS (median 2.9 vs. 2.5 months) and OS (median 11.0 vs. 9.0 months) were similar for PLD and the comparator. The most frequently reported adverse events were nausea (23 % vs. 31 %), vomiting (17 % vs. 20 %), and fatigue (9 % vs. 20 %), and were similar among treatment groups. PLD-treated patients experienced more HFS (37 %; 18 % grade 3, 1 patient grade 4) and stomatitis (22 %; 5 % grades 3 or 4). Neuropathy (11 %), constipation (16 %), and neutropenia (14 %) were more common with vinorelbine. Alopecia was low in both the PLD and vinorelbine groups (3 % and 5 %). The second study compared docetaxel (75 mgm −2 IV every 3 weeks) alone or in combination with PLD (30 mg m −2 IV) for 751 patients with MBC who had relapsed at least one year after previous adjuvant doxorubicincontaining therapy [3•] . The combination group was associated with significantly improved median TTP (median 9.8 vs. 7.0 months; HR00.65; 95 % CI 0.55-0.77; P00.0001), which was the primary study endpoint. The combination was also associated with improved response (35 % vs. 26 %, P00.009) but similar OS. Importantly, there was no excess cardiac toxicity in the PLD group, providing proof of principle that PLD may be safety used after previous adjuvant anthracycline therapy. As in previous studies with PLD, the most common toxicity included HFS, stomatitis, and rash.
Conclusions
Anthracyclines and taxanes are effective cytotoxic agents that improve the potential for cure when used as adjuvant therapy, and prolong survival and palliate symptoms when used for the treatment of metastatic disease. Resistance invariably develops when used to treat metastatic disease, however, and contributes to recurrence in early stage disease. Several classes of cytotoxic agent produce response or disease stabilization in a modest proportion of patients who have progressive disease after previous anthracycline and taxane therapy, and have differing toxicity profiles. There are no predictive factors that are useful in guiding which agents to select for an individual patient. A systematic approach may be helpful in identifying which agents may be potentially used, and includes:
1. reviewing the patients' previous antineoplastic drug history; 2. identifying comorbidity or residual toxicity from previous cytotoxic therapy that may limit the list of potentially suitable agents; 3. identify agents for a history of resistance to the drug or class of agents; 4. determine whether there is an indication for concurrent administration with biological therapy (e.g., HER2-positive disease) or combination cytotoxic therapy (e.g., rapidly progressive visceral disease); and 5. if cytotoxic therapy alone is used, should it be used as a single agent, or in combination with other cytotoxic agents? Single cytotoxic agents should be suitable in most cases, although combination therapy may be considered for patients with rapidly progressive disease or high visceral tumor burden.
